To determine the involvement of vascular endothelial growth factor (VEGF) and its receptors Flk-1 and Flt-1 in capillary growth in ischaemic skeletal muscle, extensor digitorum longus muscles from hindlimbs of Sprague-Dawley rats were studied at 1, 2 and 5 week intervals after iliac artery ligation. Muscle VEGF protein levels (as determined by Western-blot analysis) increased only after 2 (60 %) and 5 (80 %) weeks, with more capillaries positively immunostained for VEGF than in control muscles. Ischaemia-induced angiogenesis was gradual, with capillary proliferation at 1 and 2 weeks and capillary:fibre ratio increased 20 % after 5 weeks. This was associated with an initial doubling of Flk-1 protein after 1 week that declined below control levels by 5 weeks, whereas Flt-1 expression was elevated more than 40 % at all time points. During more sustained ischaemia (femoral ligation 3 weeks after iliac ligation), VEGF protein level at 5 weeks was even higher, but Flt-1 and Flk-1 were unchanged from control levels and no capillary growth occurred. Intermittent electrical stimulation (10 Hz, 7 × 15 min/day) of these ischaemic muscles between weeks 3-5 did not elevate VEGF further, but increased Flk-1 by 32 %, decreased Flt-1 by 71 %, and led to significant capillary growth.These results demonstrate that during chronic muscle ischaemia Flk-1 and Flt-1 are regulated differentially and that electrical stimulation of ischaemic muscles can promote angiogenesis via Flk-1 up-regulation. Even when ischaemic muscle VEGF levels are high, capillary growth appears to be dependent on the presence of Flk-1.
INTRODUCTION
The successful induction of capillary growth within ischaemic tissues (therapeutic angiogenesis) is a highly desirable goal for treatment of conditions such as peripheral arterial disease. Vascular endothelial growth factor (VEGF) is one angiogenic factor with a unique role in induction of endothelial cell (EC) mitosis and promotion of capillary sprouting [1, 2] that has been utilized for this purpose. VEGF is known to be up-regulated by tissue hypoxia [3, 4] , and levels of VEGF protein are signific-antly elevated in skeletal muscles that are ischaemic as a result of arterial occlusion [5, 6] . Despite high endogenous levels of such a potent angiogenic factor, evidence for capillary growth in ischaemic muscle is inconsistent. Couffinhal et al. [7] showed a 4-fold increase in capillary density together with raised VEGF protein expression in mouse hindlimb, but Cherwek et al. [8] found no change in capillary supply in ischaemic rabbit muscles, where VEGF levels were increased 2-fold. Likewise, in patients with peripheral arterial occlusive disease, VEGF is increased in plasma [9] , but little or no change in ischaemic limb muscle capillary supply is reported even after disease of several years duration [10, 11] .
Since VEGF protein is available in ischaemic muscles, this lack of angiogenesis could be explained either by the growth factor failing to initiate adequate signal transduction via its receptors or by impaired expression of the receptors themselves. VEGF exerts its angiogenic effect by coupling to the tyrosine kinase receptors Flt-1 (VEGF receptor-1) and Flk-1 (VEGF receptor-2), expressed predominantly on ECs. Both are essential for developmental vasculogenesis [12, 13] , but subserve different functions. Flk-1 has lower affinity for VEGF than Flt-1, but phosphorylates more efficiently upon ligand binding and induces mitogenesis and migration of ECs [14, 15] . Flt-1 is pro-angiogenic via enhancement of matrix metalloproteinase expression in vascular smooth muscle cells [16] and chemotaxis of monocytes [17] . Both receptors have been reported to be up-regulated in cultured ECs on exposure to hypoxia [18, 19] . In vivo, Lloyd et al. [20] found no changes in mRNA for either receptor in rat muscles during hindlimb ischaemia of several weeks duration, but others [3, 21] have reported a rapid upregulation of Flk-1 and Flt-1 mRNA in both acute and chronic myocardial ischaemia. In skeletal muscle from animal and human ischaemic limbs, Flk-1 protein expression was attenuated in chronic ischaemia compared with acute ischaemia [22] . Data concerning VEGF receptor protein in muscle in vivo during prolonged ischaemia are thus scarce and contradictory.
The administration of exogenous VEGF via gene or protein delivery into ischaemic skeletal muscles has met with some success in promoting capillary growth in experimental studies [23] [24] [25] , but recent clinical trials in ischaemic hearts have shown that it failed to be of benefit for patients with coronary artery disease [26] . Moreover, systemic VEGF overexpression has undesirable consequences such as local oedema caused by increased vascular permeability [24, 27] and the risk of remote effects, such as an angiogenic response in non-ischaemic areas [28] . An alternate means of inducing endogenous VEGF locally in skeletal muscle is prolonged muscle activity in the form of either exercise [26] or neuromuscular electrical stimulation [30] , both of which induce capillary growth in normally perfused muscles [31] . In ischaemic rat muscles, exercise training elevated VEGF, Flt-1 and Flk-1 mRNA [20] , whereas stimulation increased capillary supply and muscle blood flow [32] . Both interventions can lead to significant improvements in functional capacity of patients with peripheral arterial disease [33] and it would be of importance to determine more precisely the link between growth factor and receptor expression and capillary growth in order to exploit the potential of these therapies more fully.
The purpose of the present study was therefore twofold. The first aim was to establish if the lack of significant capillary growth in ischaemic skeletal muscles despite high levels of VEGF protein is associated with impairment of VEGF receptor expression, and the second was to determine whether the beneficial effects of activity on ischaemic muscles relate to enhancement of VEGF, Flk-1 and/or Flt-1 expression so as to facilitate angiogenesis. Since VEGF mRNA can be regulated either by the hypoxia-inducible transcription factor HIF-1 [1] or posttranscriptionally via hypoxic stabilization [2] , we chose to examine the temporal expression of protein levels of the growth factor and its receptors. Studies were carried out in rats in which hindlimb muscle blood flow was reduced by iliac artery ligation for up to 5 weeks [34] with only modest capillary growth to represent the condition of intermittent claudication. As collateral development in this model enables partial restoration of some perfusion in the later stages, additional femoral ligation was performed 3 weeks after iliac ligation in some animals to produce more long-standing muscle ischaemia, similar to that of patients with peripheral arterial disease. This latter model was used to study the effects of muscle stimulation. To our knowledge this is the first description of changes in Flk-1 and Flt-1 protein in vivo in relation to VEGF expression and capillary growth in chronically ischaemic skeletal muscle.
MATERIALS AND METHODS

Animals and surgical procedure
Experiments were carried out on male Sprague-Dawley rats 270-320 g body weight on the day of taking samples. All surgical procedures were performed under aseptic conditions and fluothane anaesthesia (2 % in 100 % O 2 ) in accordance with the U.K. Animals (Scientific Procedures) Act of 1986. At the end of the experiment the right extensor digitorum longus (EDL) muscle was removed, weighed and mid-region of each muscle was frozen in isopentane pre-cooled in liquid nitrogen. Since our previous experiments [35] showed that ischaemia and/or stimulation caused some capillary endothelial changes in the contralateral leg, five animals without any intervention served as controls.
For the time course study, three groups of rats had blood flow limited by unilateral ligation of the right common iliac artery approx. 0.5 cm below the bifurcation from the aorta (single ligation), a procedure that impairs blood flow to lower limb muscles for up to 5 weeks [34] . Animals were studied 1 week (n = 6), 2 weeks (n = 9) or 5 weeks (n = 9) later (Figure 1 ). To induce more sustained ischaemia, a second ligation was performed in two other groups of rats in which the ipsilateral femoral artery was ligated 3 weeks after the iliac ligation to prevent the gradual improvement in perfusion pressure due to collateral vessel development at this time [32] . Of these, one group remained for a further 2 weeks with no additional intervention (double ligation; n = 4), whereas the second Figure 1 Schematic representation of the time course of the study (double ligation + stimulation; n = 3) had subcutaneous battery-operated remote-controlled stimulators implanted to indirectly stimulate ankle flexor muscles. As it was shown previously [32] that long periods of muscle stimulation at 10 Hz could cause damage to ischaemic muscles and that it was only beneficial when applied in a more intermittent protocol, stimulation in daily short repeated bouts was used. Stimulation of ischaemic muscles (10 Hz, 0.3 ms pulse width, 7 × 15 min sessions/day separated by 85 min rest) was commenced 2 days postoperatively and continued for 2 weeks; experiments were terminated after a total of 5 weeks (Figure 1) . To study the effect of stimulation-induced muscle activity on VEGF receptor expression, two groups of rats with normal blood supply had the ankle flexors stimulated continuously (8 h/day) at a frequency of 10 Hz for 2 and 4 days, as described previously [36] .
Western-blot analysis
Frozen EDL muscles were finely ground over dry ice and homogenized in RIPA buffer with a cocktail of protease inhibitors (Mini Complete; Roche, Lewes, East Sussex, U.K.). A portion (50 µg) of protein was fractionated by SDS/PAGE on 7.5 or 12 % (w/v) polyacrylamide gels, transferred on to a PVDF membrane (overnight at 4
• C, 30 V) and blocked with 5 % (w/v) non-fat milk. The blots were exposed to one of the following: rabbit polyclonal antibodies against Flt-1, Flk-1 or VEGF, or a mouse monoclonal antibody to β-actin (all from Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.). The enhanced chemiluminescence detection system (ECL ® ; Amersham Biosciences, Little Chalfont, Bucks., U.K.) was used and the membranes were exposed to autoradiographic film (Kodak Biomax; Sigma, Poole, Dorset, U.K.). Images were scanned and densities of bands were quantified using Quantity One software (Bio-Rad, Hemel Hempstead, Herts., U.K.). EDL extracts from animals without any intervention served as controls. To check for loading errors, the densities of bands were normalized to β-actin. The specificity of signal was confirmed by probing two parallel blots with antibody/peptide mixture, prepared by pre-absorption of an anti-VEGF or anti-Flt-1 antibody with 10-fold (by mass) excess of a corresponding blocking peptide (Santa Cruz Biotechnology) or antibody alone (results not shown).
Histological analysis and immunohistochemistry
Immunodetection of VEGF and proliferating cell nuclear antigen (PCNA) and histochemical demonstration of capillaries by alkaline phosphatase (ALP) were performed on serial cryosections of EDL as described previously [36] . Capillary supply was evaluated as capillary-tomuscle fibre ratio (C:F ratio) from counts of capillaries and muscle fibres. The co-localization studies were performed using an Olympus BHS-2 microscope equipped with a drawing arm, which enables viewing of the same area in two adjacent sections. Nuclei stained positively for PCNA were counted and, based on ALP staining, identified as being associated with capillaries (PCNA cap ) or situated in the interstitium outside capillaries (PCNA int ). Similarly, VEGF-positive staining was co-localized to capillary sites (VEGF cap ) or located within the interstitium in other cell types or in muscle fibres (VEGF int ) [36] . The relationship between VEGF and ECs was expressed as the proportion of capillaries that were VEGFpositive to the total number of capillaries in the field. All histomorphometric analysis was performed by a blinded observer.
Statistical analysis
Values are expressed as means + − S.E.M. Comparison between groups at a given time point was performed using ANOVA with Fisher's PLSD (protected least significant difference) post-hoc test. Correlation between Flk expression and capillary proliferation was evaluated by Fisher's r to z test. Results were considered statistically significant at the 5 % level.
RESULTS
Chronic muscle ischaemia by single (iliac) ligation
After 5 weeks, chronic ischaemia of the lower limb in rats resulted in growth of new capillaries in EDL muscles and the C:F ratio showed a significant increase of 20 % (Table 1 ). This was preceded by increased cell proliferation at 1 or 2 weeks (Figure 2A ), the densities of proliferating cells co-localized to capillary sites (PCNA cap ) increasing 5-fold and those lying within the interstitium (PCNA int ) 3-4-fold. Proliferation in both capillary and interstitial locations had returned to control levels by 5 weeks. Average fibre size, based on fibre density, was slightly smaller in muscles ischaemic for 1 week, although overall there were no significant differences between groups (Table 1) . Whereas the C:F ratio is relatively independent of muscle fibre size, the appearance of a few small fibres 1 and 2 weeks after ligation, coincident with slight muscle atrophy (Table 1) , could affect the density of proliferating cells. To take account of this, densities of PCNA-positive cells were related to numbers of muscle fibres and the ratios followed a similar trend to changes in density alone (results not shown). VEGF protein in ischaemic EDL extracts was unchanged after 1 week, but increased from control levels by 60 % after 2 weeks and by 80 % after 5 weeks ( Figure 2B ). The density of total VEGF-positive staining in capillary (VEGF cap ) and non-capillary (VEGF int ) locations was also elevated after 1 and 2 weeks compared with controls but, as is clearly seen in Figure 2 (C), after 5 weeks VEGF remained elevated only at capillary sites, as it had returned to control levels elsewhere. In control muscles, less than 10 % of all capillaries were VEGFpositive, but this number increased more than 3-fold as early as 1 week after ligation (P < 0.05 compared with control) and remained more than double at 5 weeks ( Figure 2D ).
Whereas the amount of VEGF protein was elevated in ischaemic muscle at all time points, different results were observed in the expression of Flk-1 and Flt-1. Protein levels of both receptors were raised by 100 % and 40 % respectively, 1 week after iliac ligation (both P < 0.05 compared with control; Figure 3 ). As ischaemia progressed, however, Flk-1 declined, but Flt-1 remained high, peaking at 2 weeks. By 5 weeks, Flk-1 protein was 35 % lower than control levels (P < 0.05), whereas Flt-1 expression was still 32 % higher (P < 0.05 compared with control; Figure 3 ).
Sustained chronic muscle ischaemia by double (iliac and femoral) ligation
Ligation of the femoral artery was performed 3 weeks after iliac ligation, i.e. as blood flow began to recover due to spontaneous collateral development. At the 5 week time point, neither the densities of proliferating cells linked to capillaries or within the interstitium nor the C:F ratio were different from controls ( Figure 4A and Table 1 ). Thus the capillary growth observed after single ligation had been completely arrested. This was despite the fact that VEGF protein expression was elevated to a much greater extent (3.5-fold increase in comparison with controls) than with single ligation (80 % increase above controls; Figure 4B ), and the proportion of capillaries expressing VEGF was increased further (41 % in double ligation compared with 25 % in single ligation; P < 0.05; Figure 4D ). The density of VEGF staining at non-capillary sites was the same in double-as in singleligated muscles ( Figure 4C ). Protein levels of both VEGF receptors Flk-1 and Flt-1 were unchanged from baseline control levels ( Figure 5 ), in contrast with single ligation where Flk-1 expression was reduced and Flt-1 increased.
Effect of electrical stimulation on capillary growth in ischaemic muscles
Before assessing the therapeutic effect of electrical stimulation on ischaemic muscles, its effect on Flk-1 and Flt-1 protein expression was studied in EDL muscles with intact blood supply. The regime of electrical stimulation (10 Hz, 8 h/day) was that known to induce capillary proliferation within 2 days and increase capillary numbers within 4-7 days [36] . Flk-1 protein was more than doubled in muscles stimulated for 2 days and after 4 days was increased by 50 %, but there was no change in Flt-1 expression at either time point (Table 2) .
In muscles ischaemic after double ligation of both femoral and iliac arteries, intermittent electrical stimulation increased the C:F ratio by 22 % (P < 0.05; Table 1 and Figure 6 ) and values were 30 % above those of control muscles (P < 0.05). Proliferation of cells located at capillary sites was almost 10-fold greater in stimulated than non-stimulated muscles (P < 0.05), whereas the density of other proliferating cells was not significantly altered (26.2 + − 13.7 mm −2 in double ligation + stimulation compared with 8.0 + − 5.1 mm −2 in double ligation alone; P = not significant; Figure 4A ).
Western-blot analysis showed that the expression of total VEGF protein was lower in stimulated than nonstimulated muscles (P < 0.05; Figure 4B ), but it was still 2.5-fold higher than in controls (P < 0.05), and stimulation also enhanced the proportion of VEGF-positive Figure 4D ). Most striking was the observation that stimulation modified the pattern of Flk-1 and Flt-1 expression from that in either 5-week single-ligated or doubleligated muscles. A substantial increase in Flk-1 protein level (P < 0.05 compared with double ligation) was accompanied by a significant reduction in Flt-1 expression (P < 0.05 compared with double ligation; Figure 5 ).
DISCUSSION
The results of the present study demonstrate that chronic skeletal muscle ischaemia differentially affected the expression of VEGF protein and its receptors Flt-1 and Flk-1. The growth factor itself was up-regulated over time in relation to the degree of ischaemia, but capillary proliferation was only associated with increases in the presence of Flk-1.
Chronic ischaemia induced by single ligation
Despite substantial reductions in muscle blood flow [34] and capillary perfusion [37] after iliac artery ligation, capillary growth was relatively slow to occur, with cell proliferation after 1 and 2 weeks, but a notable increase in the C:F ratio only after 5 weeks. Significant angiogenesis is not necessarily a correlate of prolonged muscle ischaemia. A comparable modest increase in capillary supply was reported in rat plantaris muscles several weeks after femoral artery ligation [38] , and no change in capillarization was seen 3 weeks after femoral ligation in rabbit tibialis anterior [8] or rat gastrocnemius and soleus [20] muscles. In studies which report increased capillary density as early as 2 weeks after induction of severe ischaemia by dissection of the entire femoral artery and its branches and ligation of the external iliac artery, capillary growth was linked with muscle necrosis and inflammatory responses [7, 39] . In this context, single arterial ligation is more representative of the persistent low-flow conditions in patients with peripheral arterial disease in that, although the initial arterial occlusion is abrupt rather than developing gradually, there is no evidence of inflammatory macrophage response in the muscle [40] , and the absence of significant angiogenesis is in accordance with the observations of unchanged or only slightly elevated capillarization in patients with long-standing disease [10] . In the present study, the modest capillary growth took place in spite of profound and maintained augmentation of VEGF protein in extracts of ischaemic EDL muscle and a gradual increase in the proportion of capillaries immunopositive for VEGF. The question arises as to why Over all the studied time points of mild and sustained ischaemia with and without electrical stimulation there was a strong correlation between the Flk-1 protein expression and capillary proliferation (r = 0.85; P < 0.001).
the angiogenic response to ischaemia was so limited in the face of consistent growth factor up-regulation. Based on the association between VEGF receptor expression and capillary growth during chronic muscle ischaemia, our present data demonstrate that the availability of Flk-1 and Flt-1 are important in determining the angiogenic outcome. Throughout ischaemia, they were regulated differently, sometimes in an inverse manner. In the early stages of ischaemia, enhanced Flk-1 protein was accompanied by capillary proliferation, in support of the acknowledged role of this receptor during developmental angiogenesis [12] and recognition that it is exclusively responsible for VEGF-induced proliferation and migration of ECs [14, 41] . In cultured ECs, mRNA for Flk-1 remained unchanged on exposure to hypoxia, whereas the amount of Flk-1 protein transiently increased [18] , and the increase and decline in Flk-1 protein observed throughout chronic ischaemia in the present study is consistent with such a transitory response.
It is unlikely that the early increase in Flk-1 is due to the presence of more capillary ECs as neither ALP-stained nor endothelial nitric oxide synthase-positive capillary numbers are altered at the 1 week time point [40] . An alternative is increased receptor expression within individual ECs. Although the present study is unable to determine if this is the case, it is supported by the increase in numbers of capillaries positively immunostained for VEGF after 1 week without an increase in total muscle VEGF protein, as this may be interpreted as translocation of the growth factor from the extracellular matrix on to the EC surface receptors. The decline in Flk-1 expression between 1 and 5 weeks was accompanied by the return of cell proliferation to control values between these times, suggesting that it may play a role in restricting angiogenesis despite the high levels of VEGF. Figure 6 shows the good correlation between increases in Flk-1 and capillary cell proliferation.
In contrast with Flk-1, Flt-1 expression was elevated at all times points after iliac artery ligation. The differential regulation of Flt-1 compared with Flk-1 during chronic muscle ischaemia may reflect their distinctive roles in angiogenesis. Flt-1 mediates VEGF-stimulated activity of monocytes [17] , which may be involved in angiogenesis in inflammatory ischaemia [42] . However, on the basis of immunostaining, there was no evidence of increased macrophage numbers to indicate inflammation in rat EDL muscles after iliac artery ligation [40] . The sustained increase in Flt-1 beyond the time at which capillary proliferation peaked may therefore relate to its other roles in angiogenic remodelling. Flt-1 has been shown to mediate VEGF-stimulated metalloproteinase expression [16] . Metalloproteinases are involved in activity-induced capillary growth in normal skeletal muscle [43] and in angiogenesis in extremely ischaemic mouse hindlimbs [44] . Whether they are up-regulated via Flt-1 in less severe long-term ischaemia is one possibility. Alternatively, continuous up-regulation of Flt-1 in the later stages of ischaemia is in agreement with observations that this receptor is involved in maturation of newly formed capillaries, possibly by recruitment of pericytes [45] .
Sustained ischaemia induced by double ligation
Additional ligation of the femoral artery 3 weeks after iliac ligation induced further increases in the levels of VEGF protein above those seen in muscles after iliac ligation alone, but this was not associated with further capillary growth. Indeed, the increase in C:F ratio that had been observed 5 weeks after iliac ligation was completely abolished. The finding that, after the second ligation, levels of both Flt-1 and Flk-1 were unchanged from control values and that capillary neoformation had been halted lends support to the view that it is the presence of Flk-1 that is facilitative for VEGF-induced capillary growth to take place in ischaemic muscle.
There is no obvious explanation for the difference between receptor levels in muscles from 5-week single-(increased Flt-1 and decreased Flk-1) and 5-week doubleligated animals (control levels of Flt-1 and Flk-1), particularly as comparatively little is known about their long-term regulation in vivo. It is known, however, that the endothelium is responsive to flow and shear stress and can be structurally and functionally disrupted by low-flow conditions [35, 47] . One possibility is therefore that by ligating the femoral artery at the 3 week time point, muscle perfusion is sufficiently restricted over the remaining 2 weeks to cause profound endothelial dysfunction. Two lines of evidence support the view that this is the case in EDL muscles from rats with ligation of both arteries compared with iliac ligation alone. First, vasodilation of precapillary arterioles to endothelialdependent agonists was abolished after double ligation, whereas vessels remained responsive, albeit to a reduced extent than controls, after single ligation [48] . Secondly, capillary perfusion in EDL was impaired to a greater degree after double than single ligation, with an overall reduction in shear stress [48] . Direct evidence of endothelial dysfunction and its consequences for VEGF receptors must await further studies.
Effect of electrical stimulation on VEGF receptor expression
Intermittent electrical stimulation of ischaemic muscles during the 2 week period between femoral ligation and termination of the experiment did not elevate VEGF protein further, which was well above controls levels, but it substantially increased the proportion of VEGFpositive capillaries. Stimulation also proved very effective in inducing expression of Flk-1 protein in muscles under conditions of both normal and restricted blood supply. In normal muscles, although the regime of stimulation was more intensive, Flk-1 was strongly induced after 2 days at the time when VEGF levels had not yet increased [36] . The increase in Flk-1 was temporally associated with intense capillary proliferation preceding angiogenesis [36, 49] . Likewise, in ischaemic double-ligated muscles, Flk-1 expression was significantly enhanced by electrical stimulation in conjunction with a great increase in the number of VEGF-positive capillaries, capillary proliferation and, ultimately, capillary growth.
Up-regulation of Flk-1 expression by electrical stimulation in ischaemic muscles was accompanied by a reduction in Flt-1. Again, this differential response is consistent with the notion that these structurally highly related receptors subserve distinct functions in ECs. Based on in vitro studies, Flt-1 has been shown to play a unique negative, as well as positive, role in regulation of VEGF bioavailability by acting as a decoy receptor for VEGF and thereby reducing signalling via this ligand [50] . Thus a reduction in the amount of Flt-1 after prolonged electric stimulation may actually facilitate VEGF signalling via Flk-1 and aid angiogenesis.
Levels of expression of Flk-1 and Flt-1 during chronic muscle ischaemia in vivo are clearly regulated in a complex fashion, because this condition involves multiple and opposing stimuli. Hypoxia appears to increase both Flt-1 [19] and Flk-1 [18] expression in isolated EC cultures and a similar response might be expected as a consequence of tissue ischaemia. However, other important factors impacting on ECs in vivo are the haemodynamic forces related to the blood flow. Exposure of cultured arterial ECs to shear stress has been shown to induce rapid clustering and phosphorylation of Flk-1 [51] . The increase in Flk-1 protein observed in stimulated muscles with normal blood supply could thus be ascribed, in part, to an increase in capillary shear stress occurring during functional hyperaemia [36] . Capillary perfusion and shear stress are considerably impaired in ischaemic muscles [37, 48] , but whether the converse situation holds, i.e. that a lowering of shear stress in muscles with restricted blood supply would suppress Flk-1, remains to be determined.
In conclusion, these results support the hypothesis that, whereas VEGF protein is up-regulated in chronic skeletal muscle ischaemia, both VEGF receptors Flt-1 and Flk-1 play different roles in regulating the complex process of angiogenesis in this condition. Enhanced Flk-1 expression correlated with increased cell proliferation and subsequent capillary angiogenesis. Furthermore, the negative effect of sustained ischaemia was reversed by increased muscle activity via activation of Flk-1 with concomitant down-regulation of the ligand-binding receptor Flt-1. Although these observations on the role of Flk-1 in the regulation of capillary growth in skeletal muscle need to be confirmed by further studies utilizing its specific deletion or inhibition, they emphasize the fact that future approaches in therapeutic angiogenesis for ischaemic conditions should consider not only particular growth factors such as VEGF, but should regard growth factor receptors as an attractive target. Electrical stimulation of muscles appears to be a positive tool for co-ordinated manipulation of both targets that could be used for treatment of peripheral vascular disease.
